The creep of heat-resistant steel (12Cr3.45W alloy) is experimentally characterized to estimate damages using a nonlinear ultrasonic technique. The finite amplitude method has been used to measure the ultrasonic nonlinearity parameter in all creep damaged specimens by through transmitted longitudinal wave. The microstructure showed significant changes in precipitate size and dislocation density during creep. The normalized ultrasonic nonlinearity decreases significantly in stage I and decreases monotonously in stage II and stage III. However, the ultrasonic nonlinearity increase due to the formation of creep voids in the vicinity of the creep failure region. The correlation between the microstructural changes and ultrasonic nonlinearity is discussed.
Introduction
High chromium ferritic steels are widely used for high temperature boilers and steam turbines in fossil and nuclear power facilities due to their high temperature physical and chemical properties such as creep strength, oxidation resistance, and thermal conductivity. 1, 2) These steels are also candidate materials for the next generation reactor (GenIV). However, the creep rupture strength of metallic materials abruptly decreases during long-term service at high temperature due to coarsening of precipitates and martensite lath recovery. 3, 4) The most common forms of damage to structural materials after prolonged exposure to high temperature and pressure are fatigue and creep. Assessment of fatigue damage and creep degradation are of utmost importance when checking structural safety in existing construction. Also, structural materials used at a high temperature normally suffer microstructural degradation due to long-term exposure. In order to accurately predict the integrity and remaining lifetime of the materials, the mechanical properties of the components that have degraded microstructures need to be known. However, it is practically impossible to collect specimens for analysis without damaging the component in use. Therefore, advanced nondestructive evaluation (NDE) methods that allow the damage to be understood without harming the constructed structure are indispensable.
Ultrasound is a well known technology to detect macrodefects in structural materials. 57) During the past few decades, ultrasonic nonlinearity has been extensively studied to evaluate material damage including lattice anharmonicity and nonlinear stress-strain behavior of metallic materials. The waveform of the incident wave is distorted by the nonlinear elastic response of the medium to the incident wave so that high-order harmonic waves are generated in the transmitted wave. If an ultrasonic wave of finite amplitude tone burst for a frequency is given on one side of a specimen, the transmitted ultrasonic wave on the other side of the specimen will contain many harmonic components as well as a fundamental frequency. Since material failure or degradation is usually preceded by some kind of nonlinear mechanical behavior before significant plastic deformation or material damage occurs, nonlinear ultrasonic applications have recently received considerable attention.
810)
Cantrell presented an analytical model in which the dependence of harmonic generation in polycrystalline solids on the coherency strains results from the lattice mismatch at the interface between the matrix and the second phase in Al 2024 alloy and martensitic stainless steel. 11, 12) They reported that the nonlinearity parameter increased as coherent precipitates were generated. Hurley et al. reported that the nonlinear ultrasonic parameter for a series of martensite steel specimens which vary in carbon content increases monotonically with carbon content and hardness over the range 0.1 0.4 mass% carbon. 13) Pruell et al. reported a direct correlation between the ultrasonic nonlinearity measured with Lamb waves and the level of plasticity in a metal specimen. 14) Bermes et al. showed the nonlinearity parameter linearly increased as a function of propagation distance for an aluminum plate due to material nonlinearity. 15) Sagar et al. studied high cycle fatigue in low carbon steel by measuring the harmonic distortion due to fatigue damage. 16) It has been shown that the harmonic distortion may be correlated with dislocation motion. Baby et al. employed a nonlinear ultrasonic technique to assess creep damage in titanium alloys. 17) The results have illustrated a noticeable increase in nonlinear parameters with respect to the creep voids.
Most previous researchers, however, have studied ultrasonic nonlinearity in the context of single crystals, simple metals and fatigue damage. Unfortunately, there are few reports about creep damage and microstructural observation from which to interpret ultrasonic nonlinearity phenomena. In this study, we study creep damage of heat-resistant steel to monitor a power plant using an ultrasonic nonlinearity measurement. We investigate the influence of microstructural evolution on ultrasonic nonlinearity in each creep stage by extensively comparing the ultrasonic nonlinearity and the microstructural features during creep damage.
Ultrasonic Nonlinearity
It is well known that the stress-strain relation of materials is a linearized Hook's law that is sufficiently used to describe the mechanical properties of solids as long as the stress does not exceed the material's elastic limit. This Hook's law is simply expressed by stress and strain through the secondorder elastic constants. Even though the solids are not linear, the linear approximation between stress and strain is appropriate to understand macroscale phenomena of solids and allows the material properties such as wave velocity (elastic modulus) and attenuation (damping) in solid materials. However, it has been reported that these linear parameters (wave velocity and attenuation) of ultrasonic waves are not sufficiently enough to evaluate microdamages induced by creep and fatigue. 18, 19) In addition, the nonlinearity of damaged materials exceeds significantly by the orders of magnitude high-order than the intrinsic nonlinearity of the intact materials and the higher-order elastic constants change by orders of magnitude during deformation. Therefore, the variation in high-order elastic properties is very attractive to investigate material degradation. The nonlinear stressstrain (·¾) relation can be expressed up to secondorder term, · = E¾(1 + ¢¾ + +), for the simple one-dimensional case where E is second-order elastic constant and ¢ is second-order nonlinear coefficient. If we consider the one dimensional wave propagation of a pure longitudinal wave in a lossless solid, the nonlinear wave equation and its solution can be obtain by perturbation process as follows: 20) uðx; tÞ ¼ A cosðkx À ½tÞ þ A 2 k 2 ¢x
cos 2ðkx À ½tÞ ð1Þ
The A of the first term and (A 2 k 2 ¢x)/8 in the second term are the particle displacement amplitude of the fundamental wave (A 1 ) and the second-order harmonic wave (A 2 ), respectively. A u is displacement, k is wave number, x is the propagation distance of wave, w is the angular frequency and t is time.
The sinusoidal waveform of incident wave is distorted by the nonlinear elastic responses of medium to the incident wave (i.e., phase velocity changes due to local strain field evolved from precipitates), and so that high-order harmonic waves are generated in the transmitted wave as shown in Fig. 1 . If a longitudinal wave (L-wave) of finite amplitude tone burst of amplitude A 0 of frequency f 0 is given on one side of specimen (i.e., quadratic nonlinear solid), the transmitted ultrasonic wave on the other side of the specimen will contain many harmonic components (e.g., 2f o , 3f o , etc.) as well as fundamental frequency (i.e., f 0 ) as schematically shown in Fig. 1 . The incident L-wave is distorted as a result of phase velocity changes due to local strain fields evolved from precipitates in nonlinear solids.
Experimental Procedure
Ferritic 12Cr steel was produced by a vacuum induction melting process. The ingot was forged into a plate with thickness 40 mm at 1100°C and then tempered at 700°C for 2 h after normalizing at 1100°C for 10 h. The chemical composition in weight percent was Fe along with 0.19% C, 11.01% Cr, 0.09% Mo, 3.45% W, 2.97% Co, 0.21% V, 0.06% Nb and 0.03% N. Thermodynamic equilibrium calculation-based computer programs, like Thermo-Calc, have been successfully applied to evaluate the phase stability of precipitates and matrix phases of the 12Cr steel as a function of temperature, as shown in Fig. 2 . Conventional ferritic steels are usually based on tempered martensite, and their creep strength is sustained by precipitation hardening of MX carbonitrides and M 23 C 6 carbides. 21) The M 23 C 6 carbides are present as Cr 23 C 6 , and MX precipitates are of the type (Nb,V)C,N. The other intermetallic phase has the formula, Fe 2 M (Laves), where M represents Mo and W. Thermodynamic calculations in this study have led to improved understanding of the influence of precipitate phases (carbides, intermetallic phases and nitrides) on long-term microstructure stability of 12Cr steels.
The creep test was carried out under a constant load of 60 MPa at 700°C, using specimens that were 8 mm thick and 45 mm long. The test was interrupted after a predetermined creep duration to characterize the various stages of creep damage. Microstructural observation was conducted using scanning electron microscopy (SEM) and transmission electron microscopy (TEM). The surface morphology was examined using SEM after etching with Vilella's reagent (i.e., 2 g picric acid and 5 ml hydrochloric acid in ethanol). The precipitate size was quantitatively measured for about 1,000 precipitates from each specimen using an image analyzer (Visus image analyzer 2.0). To observe dislocation substructures, thin foils were prepared by twin jet polishing in a solution of 25% perchrolic acid (25 ml perchrolic acid in ethanol) at ¹15°C, 60 V. The X-ray diffraction patterns were obtained using a high resolution X-ray diffractometer, with monochromatic Cu K ¡1 radiation, at 40 kV and 25 mA. The dislocation density (ª) was measured using eq. (2), as shown below. The local strain was obtained from the X-ray line profile, from which it is possible to convert to the breadth of the strain distribution using the HallWilliamson method.
where b is the Burgers vector of dislocation (b ¥ 0.25 nm) and ¾ l is local strain. Line profiles of the {110}, {200}, {211}, {220} and {310} Bragg refection angles were measured using a special high resolution double-crystal diffractometer, with negligible instrumental line broadening. In order to avoid machining effects, an approximate 60 µm surface layer was removed by electropolishing, in a solution of 5% nital acid, prior to the X-ray diffraction experiments. Figure 3 is the schematic diagram of the experimental setup for an ultrasonic nonlinearity measurement system. In order to avoid inherent harmonic distortion from the transducer, the transmitting piezoelectric transducer should be operated at low voltage. However, the input voltage for the transmitter cannot be too low since the generation of highorder harmonics (ultrasonic nonlinearity) is likely to happen with a result of plastic modification of material lattice by an enough amplitude of incident ultrasonic waves. We use a high-power gated amplifier (Ritec, RAM5000 SNAP) to generate a high voltage tone burst signal of 5 cycles at 10 MHz. The amplified high voltage signal passes through a 6 dB attenuator (RA-31) to decrease the driving voltage below 60 Vpp and 50 ³ termination, where it impedes a transient electric current due to the mismatch of electrical impedances between the amplifier and the piezoelectric transducer. Low and high pass filters are used to suppress the high frequency and low frequency components in the source signal, respectively. A commercial narrow-band piezoelectric transducer (Panametrics A112S-RM) with a nominal frequency of 10 MHz was mounted to one side of the test specimen and used to generate the fundamental wave. A broad-band transducer of 20 MHz (Panametrics V116-RM) with a high signal-to-noise ratio was mounted to the other side of the specimen to receive the transmitted wave and also to enhance the receiving sensitivity of the second-order harmonic wave. The transducers are coupled to the specimen with high vacuum grease.
A special fixture was designed in order to align the transmitter and receiver in parallel during the test and also to maintain a constant load on the transmitter, which is supported by a pneumatic system. The transmitted ultrasonic waves are recorded 1000 times, averaged with a digital oscilloscope (Lecory 9374M), and then transferred to a computer for signal processing. The waveform was digitally processed using a power spectrum fast Fourier transformation in order to obtain the amplitudes, A 1 at the fundamental frequency and A 2 at the second-order harmonic frequency. The ultrasonic nonlinear parameter ¢ can usually be expressed in terms of the measured amplitude of the fundamental (A 1 ) and the second-order harmonic waves (A 2 ) as shown in eq. (1). Therefore, if the wave number and wave propagation distance are constant, the nonlinear parameter can be measured only by amplitude ratio of A 1 and A 2 that is proportional to the absolute ¢. In this study, we measured relative nonlinear parameter, ¢ 0 ¼ A 2 =A 2 1 and then normalized by the nonlinear parameter of as-tempered specimen ¢ 0 0 . The thickness of ultrasonic test specimen was carefully prepared to 4 mm. Figure 4 shows the normalized ultrasonic nonlinearity measured from the interrupt test and creep strain as a function of creep duration showing the typical creep curve. The creep rupture time was 3286 h. Creep has three dominant stages, indicated as I (primary regime), II (secondary regime) and III (tertiary regime). The ultrasonic nonlinearity decreases significantly in stage I and then decreases monotonously in stages II and III to rupture. After creep rupture, the ultrasonic nonlinearity was measured at two positions, one at the edge of the fracture region ( ) and the other 10 mm from the fracture region ( ). However, after creep failure, we observed that the ultrasonic nonlinearity clearly increased compared to that in stage II.
Results and Discussion
In order to investigate the microstructural damage caused by creep duration, some microstructural evaluations were conducted. The as-tempered specimen had fully tempered C.-S. Kimmartensite with high dislocation density in the lath interior and fine secondary phases on the prior austenite grain (PAG) boundary and lath boundary, as shown in Fig. 5(a) . Tempering produces the dispersion of plate-like Cr 23 C 6 and spheroidal (Nb,V)C precipitates, which were analyzed by energy dispersive spectroscopy (EDS). They stabilize the microstructure by pinning martensite lath boundaries and so reduce the effectiveness of the recovery mechanism.
23) The precipitate identified as Laves phase also formed mainly on the martensite lath boundaries and subsequently coarsened during creep. The selected area diffraction patterns in the micrographs depict the primary precipitates of the astempered specimen, Cr 23 C 6 (h112i zone) and NbC (h001i zone), as shown in Fig. 5 . For the creep-damaged specimen, Fe 2 W (h100i zone) has been observed. The particle size of MX precipitate ((Nb,V)C) has been monitored quantitatively during creep using TEM micrographs. The mean size of MX particle has little change and shows the mean diameter of 40 50 nm during creep. However, the fine precipitates (Cr 23 C 6 ) on the martensite lath boundaries were observed to coarsen rapidly, and the dislocation density in the martensite lath interior was observed to decrease quickly during creep stage I. Moreover, the Laves phases were observed to precipitate primarily around lath boundaries, while the area fraction was observed to increase with creep duration. The Laves phase was observed to grow faster than the Cr 23 C 6 carbides following the diffusion-controlled coarsening phenomena, Ostwald ripening. 24) The coarsening rates of the Cr 23 C 6 carbide and Fe 2 W phases were approximately 8.3 © 10 ¹28 and 3.8 © 10 ¹27 m 3 s
¹1
, respectively. The lath width increased during creep compared to that of the astempered specimen. There was a sharp decrease in the dislocation density during the creep test, as shown in Fig. 5 . This change was predominant during the early stage of creep, i.e., within 500 h, at which stage (stage I), the dislocation density in the lath interior markedly decreased and then slowly but continuously decreased until creep rupture.
The ultrasonic nonlinearity strongly depends on the crystal structure and symmetry, 25) which means that any changes in the crystal structure or symmetry could lead to changes in the ultrasonic nonlinearity. The introduction of defects can disrupt the crystalline lattice and may thus produce strain in the crystal lattice, which may distort the ultrasonic wave when the ultrasonic wave propagates in nonlinear materials since the phase velocity changes locally due to the stress dependence of the wave velocity. For ultrasonic waves, the nonlinearity results in wave velocity variation with strain. The ultrasonic wave velocity can be expressed using strain (¾) and an n-th order nonlinear parameter (¢ n ) up to the thirdorder terms as follows: 26) cð¾Þ
where c 2 0 ¼ E=µ is the ultrasonic wave velocity in unstrained solids and µ is density.
Therefore, for an ultrasonic wave, local velocity variation leads to a waveform distortion. The high-order harmonic components are usually generated by distortion of the ultrasonic wave during propagation in the solid, which is related to the nonlinear stressstrain relation. The lattice defects such as dislocations have been well known as a major source of high-order harmonic generation. 27, 28) Ohtani et al. have reported the surface-wave nonlinearity for creep damage characterization in CrMoV steel where the nonlinearity showed its peak at approximately 30% and its minimum at 50% of the creep lifetime. 29) They interpreted their results in term of dislocation behavior. This dislocation effect on acoustic nonlinearity has been widely known and verified by theoretical and experimental studies. In addition, the precipitates could be another source of high-order harmonic generation in the precipitation hardened steels such as CrMo steels. However, they did not consider the precipitate effect on acoustic nonlinearity. Most of all, CrMo steels are the commercialized alloys for power plant having a very complex microstructure. Therefore, we have in this study considered the dislocation and precipitation effects on acoustic nonlinearity. Laves phase was about 6 times higher than that of M 23 C 6 carbide. Due to the coarsening phenomenon of precipitates, the number of precipitates decreased sharply in stage I and then decreased gradually in stage II and stage III. There was a sharp decrease in dislocation density during creep, as shown in Fig. 8 . This change was predominant during the early stage of creep (stage I), where the dislocation density in the lath interior markedly decreased, as shown in Fig. 5 , and then slowly decreased in stage II and stage III. In early stage I, the ultrasonic nonlinearity decreases significantly. This may be due to microstructural evolution during creep. The decrease in dislocation density and precipitate number are very fast in the creep stage I. These microstructural evolutions lead to a decrease in lattice strain and reduced distortion of the ultrasonic wave, resulting in a decrease in the ultrasonic nonlinearity. With further creep damage in stage II, the ultrasonic nonlinearity decreased monotonously until creep rupture, which is caused by the same microstructural phenomenon, but the change in stage II is less than that in stage I. After creep failure, the ultrasonic nonlinearity clearly increased at the edge of the fracture region due to creep voids in creep stage III. Void formation is a very common phenomenon of creep failure in metallic materials. However, in this high Cr ferritic steel, the dominant course of microstructural damage is not void formation but coarsening of precipitate and lath recovery. 30, 31) Thus, it can be considered that dislocation and precipitate coarsening are the major microstructural features leading to distorted ultrasonic waves and ultrasonic nonlinearity prior to failure.
Conclusion
Ultrasonic nonlinearity has been experimentally investigated to evaluate creep damage of heat-resistant steel in power plants. The precipitate number and dislocation density significantly decrease during the primary creep stage. During further creep, the precipitate number shows a monotonous decrease until rupture, which is the main microstructural evolution and creep damage outcome. It has been observed that the ultrasonic nonlinearity decreases significantly in stage I and then decreases monotonously in stage II and stage III until rupture. After creep failure, we observed that the ultrasonic nonlinearity clearly increased compared to that in stage II due to creep voids. The variation in ultrasonic nonlinearity during creep has been found to be in good agreement with the results of metallographic studies. These consistent results indicate that ultrasonic nonlinearity could be potential for creep characterization in advanced heatresistant 12 Cr steels. Creep Characterization in Advanced Heat-Resistant Steel Using Ultrasonic Nonlinearity Technique
